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This article reports on the microvoid structure of hydrogenated amorphous germanium films, as
determined from small angle x-ray scattering data and infrared transmission spectroscopy, and its
dependence on three deposition parameters, namely, the substrate temperature, the particle
bombardment during film growth, and the partial pressure of hydrogen in the deposition chamber.
The structure of the alloys depends on the first two deposition parameters and not on the partial
pressure of hydrogen. The dependence of the optical gap on hydrogenation and microstructure is






























A distinct structural characteristic of tetrahedra
bonded hydrogenated amorphous semiconductors is the
istence of voids of variable size and shape. The electr
quality of the films depends mainly on void microstructu
and on hydrogenation, both influencing structural metast
effects following electronic excitation. The present investi
tion reports on the microstructure of rf-sputtereda-Ge:H thin
films as a function of three main deposition parameters:~a!
the substrate deposition temperature (75,Ts,340 °C!,
~b! the dc target bias~440,VB,1240!, and~c! the hydrogen
partial pressure/total pressure ratio (1.2, PH2 /PT 33.4%)
during film growth. Only one of the above three paramet
was varied during each deposition run, the other two be
kept constant. For the whole sample series the base vac
was 1026 mbar; the total pressure during deposition was k
at 1.531022 mbar. The deposition conditions for the thr
series of samples are shown in Table I.
Small angle x-ray scattering~SAXS! experiments were
done using Ni-filtered CuKa ~l51.542 Å! radiation from a
rotating anode generator~Rigaku-RU200!. SAXS measure-
ments were also performed at the BW4 SAXS beaml
Hasylab, Hamburg, with point focus and 8 keV monoch
matic synchrotron radiation. SAXS data were interpre
considering the samples as a two-phase system: a solid p
with a constant electron density and a void volume fracti
All desmeared data of the samples in this work showe
behavior of the form:I (h)}K3/h
a @whereK3 is a constant
anda was determined to be 4~66%! as the scattering vecto
h goes to infinity# which is indicative of a smooth void
germanium network interface. The void volume fraction c
be related to the integrated~h2 weighted! desmeared SAXS
intensity curves, the so-called invariantQ.1 Scanning elec-
tron microscopy~SEM! was performed on all samples. A
relatively high deposition temperatures the film surface
pears completely homogeneous, showing no surface fea
~open and closed bubbles, pinholes, scratches, etc.! within
the microscope limits. From infrared transmission spectra
amount of bonded hydrogen~proportional to the integrate
absorption of the Ge–H wagging vibration mode! was
determined.2 The intensities of the two Ge–H stretching v
a!Electronic mail: ivanch@ee.princeton.eduJ. Appl. Phys. 79 (8), 15 April 1996 0021-8979/96/79(8)/44



























bration modes, centered at 1880 and 1980 cm21, were con-
sidered to originate from hydrogen bonded to Ge in vo
having the size of a vacancy and to Ge–H dipoles at
internal surface of large voids, respectively.3
Figure 1 shows total bonded hydrogen@H#, the SAXS
invariantQ, and the integrated absorption of the stretch
Ge–H vibration modes as a function of the three deposi
parameters. Figure 1~a! shows that low deposition temper
tures lead to a less dense and hydrogen-rich material. ATs
increases the adatom surface mobility increases and the
pinging atoms can reach more stable~energy favorable! con-
figurations before freezing at the film surface. As a con
quence, the films have a reduced density of weak~strained!
Ge—Ge bonds and a small number of voids. A denser fi
incorporates less hydrogen, as experimentally found@see Fig.
1~a!#. The picture implies that the surfacelike stretch
Ge–H absorption band~1980 cm21!, related to hydrogen
bonded to large voids, should decrease faster than the
like Ge–H mode at 1880 cm21, proportional to isolated
Ge—H bonds. Figure 1~b! shows that this is indeed the cas
Increasing the dc target bias causes a monotonic re
tion of both the void volume fraction~invariantQ! and the
amount of bonded hydrogen@see Fig. 1~c!#. The reduction of
the void volume fraction with increasing dc bias is attribu
to particle bombardment of the growing film surface. T
process induces the etching off of weakly bonded Ge at
and a more compact and less defective material. The ex
mental data of Fig. 1~d! indicate that particle bombardme
reduces the intensity of the surface like Ge–H vibratio
~large voids!, an indication of a denser material. The slig
increase of the density of Ge–H dipoles associated with
drogen bonded in voids having the size of a vacancy is c
sistent with a densera-Ge:H material@see Fig. 1~d!#. The
beneficial effect of particle bombardment on the microstr
ture of a-Ge:H alloys4 has also been found in rf glow
discharge a-Ge:H samples deposited on the catho
electrode.5,6
It is worth noting here that the possibility of an invaria
Q larger than the measured one, originating from voids o
side the detection limits of the SAXS experimental set
cannot be ruled out. Figure 1~c! shows that the hydroge
concentration goes through a minimum atVB'800 V, higher445353/3/$10.00 © 1996 American Institute of Physics
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 [Thisdc biases inducing a slightly larger hydrogenation~despite a
decreasingQ!. This may originate from the present exper
mental conditions which underestimate the contribution
the measuredQ of very small voids, like those associate
with bulklike Ge–H absorption.
Figure 1~e! shows the effects of a varying hydrogen pa
tial pressure in the deposition chamber during film grow
Let us first consider samples grown underPH2 /PT , 25%.
No significant changes of the void volume fraction are me
sured within thisPH2 /PT range. The total hydrogen concen
tration displays a bell-like shape in the samePH2 range, the
maximum hydrogenation occurring atPH2 /PT'15%. At
low PH2 the amount of incorporated hydrogen is determin
by the availability of H2 molecules. However, with increas
ing PH2 some hydrogen etching of the growing surface m
occur, as detected in H2 diluted glow-discharge deposite
samples.7,8 This effect may contribute to the reduction o
bonded hydrogen measured in the present case for sam
deposited underPH2 /PT . 15%. Themost interesting finding
is that for a large range of H2 pressures the void microstruc
ture is neither influenced nor determined byPH2 . This leads
TABLE I. Deposition conditions of the three series of rf-sputtereda-Ge:H
films.
Series A Series B Series C
dc bias: 640V
H2 flow: 14 sccm
Ts : 180 °C
H2 flow: 16 sccm
Ts : 180 °C







FIG. 1. ~a!, ~c!, and ~e! display the hydrogen content@H# ~solid circles,
left-hand axis! and the invariant [Q] ~open circles, right-hand axis! as a
function of substrate deposition temperature, dc target bias andPH2 /PT
ratio, respectively.~b!, ~d!, and~f! show the integrated absorption bands
the Ge-H stretching vibration modes~bulklike: solid squares and surface
like: open squares! as a function of the same deposition parameters. S
Table I for deposition conditions.4454 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996















us to conclude thatTs and particle bombardment are the
deposition parameters which determine the film microstruc
ture.
The invariantQ increases abruptly for the sample grown
under the richest H2 mixture@see Fig. 1~e!#. Let us remember
that the total gas pressure was held constant for the who
series. As a consequence, an increasedPH2 means necessar-
ily a reducedPAr , i.e., a decreasing density of Ar ions in the
plasma. DifferentPH2 /PT ratios imply different plasma po-
tentials. It has been shown that heavy particle bombardmen
reduces the void volume fraction of the film. A reduced Ar
partial pressure in the chamber will have the opposite effec
in agreement with Fig. 1~e!. Figure 1~f! displays the inte-
grated absorption of the bulklike and the surfacelike Ge–H
stretching vibration modes as a function of thePH2 /PT ratio.
As the H2 partial pressure changes, their respective strengt
evolves in a way similar to the Ge–H wagging vibration
mode@Fig. 1~e!#, used to determine the hydrogen content of
the samples. The variation is consistent with a hydrogenatio
almost independent of microstructure. The present results re
ferring to the relationship between microvoid structure and
varying deposition temperatures and particle bombardmen
are in good overall agreement with previous reports.4,9–13
A qualitative picture of the void structure of amorphous
semiconductors is given by the parameterR defined as the
ratio of the integrated absorption intensity of the surfacelike
Ge–H stretching vibration and the total absorption of the
stretching vibration modes of the Ge–H dipoles. Figure 2~a!
showsR as a function of the invariantQ for all the a-Ge:H
samples of the present study. It can be seen that in sampl
having a large void volume fraction,R seems to saturate at
an upper value of around 0.6. This is not the case witha-Si:H




FIG. 2. ~a! Infrared microstructure parameterR as a function of SAXS
invariantQ. Note thatR seems to saturate atR'0.6 for films having a very
large porosity.~b! Optical gapsE04 and Eg ~Tauc! as a function of the
product of hydrogen content and invariantQ. The optical gaps ofa-Ge:H
samples deposited under a wide range of conditions correlate linearly wit
the product of both structural parameters.Mulato, Chambouleyron, and Torriani
bject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:


















 [Thismeasured.10 The difference has not been sufficiently di
cussed in the literature and it may stem from different de
sition methods and a different host element.
Previous studies ona-Si:H find a close correspondenc
between the Tauc gapEg and hydrogenation.
14,15 A linear
variation ofEg with @H# has also been reported fora-SiGe:H
alloys grown by magnetron sputtering.16 It has to be noted,
however, that although a linear relationship exists betw
Eg and@H# in all cases the slope varies considerably betw
different sample series, a fact that has been associated
different deposition conditions. The Tauc gap of the pres
a-Ge:H samples, prepared under a wide range of depos
conditions, does not scale linearly with hydrogenation. It h
been found, however, that the optical gap scales with
product of the hydrogen content and the invariantQ. Figure
2~b! displays the optical gapsEg andE04 ~E04 is the photon
energy corresponding to an absorption coefficient of4
cm21! as a function of the@H#3Q product. A good linear
correlation between optical properties and structure is fo
to exist over an extremely wide range of deposition con
tions ~5% , PH2 /PT , 22%, 75,Ts,340 °C, and
440,VB,1040 V!.
In summary,~i! SAXS, IR, and SEM analyses indica
that the structure ofa-Ge:H film is highly influenced by the
temperature of the film substrate and by bombardmen
particles during growth.~ii ! The microstructure parameterR
has been found to vary in the 0.2–0.6 range for all th
series of samples. Values ofR larger than 0.6 were not mea
sured, even in samples having a large porosity.~iii ! A linear
correlation between the optical gap of the films and the pr
uct of hydrogen content and void volume fraction~micro-
structure! was experimentally found for an extremely wid
range of deposition conditions. This clear correlation bJ. Appl. Phys., Vol. 79, No. 8, 15 April 1996





















tween microstructure and optical properties of amorpho
semiconductor films has not been reported in the literatur
The authors thank Dr. D. I. Svergun for theGNOM com-
puter program, Dr. C. A. P. Leite for the SEM measuremen
Dr. A. R. Zanatta for fruitful discussions, Dr. D. Comedi fo
critical reading of the manuscript, and the BW4 SAX
beamline staff, Hasylab, Hamburg. This work has been p
tially supported by the Brazilian agencies FAPESP a
CNPq.
1O. Glatter and O. Kratky,Small Angle X-ray Scattering~Academic, New
York, 1982!.
2C. J. Fang, K. J. Gruntz, L. Ley, M. Cardona, F. J. Demond, G. Mulle
and S. Kalbitzer, J. Non-Cryst. Solids35&36, 255 ~1980!.
3G. A. N. Connell and J. R. Pawlik, Phys. Rev. B13, 787 ~1976!; see also
M. Cardona, Phys. Status Solidi B118, 463 ~1983!.
4A. M. Antoine, B. Drevillon, and P. Roca, J. Non-Cryst. Solids77&78,
769 ~1985!.
5F. H. Karg, H. Bohm, and K. Pierz, J. Non-Cryst. Solids114, 477 ~1989!.
6A. E. Wetsel, S. J. Jones, W. A. Turner, W. Paul, I. El Zawawi, L. Chae
M. L. Theye, F. C. Marques, and I. Chambouleyron, Mater. Res. S
Symp. Proc.192, 547 ~1990!.
7C. C. Tsai, G. B. Anderson, R. Thompson, and B. Wacker, J. Non-Cry
Solids114, 151 ~1989!.
8C. C. Tsai, G. B. Anderson, and R. Thompson, J. Non-Cryst. Soli
137&138, 673 ~1991!.
9K. Rajesh and D. E. Brodic, Thin Solid Films249, 254 ~1994!.
10A. J. M. Berntsen, M. J. Van Den Boogaard, W. G. J. H. M. Van Sark, a
W. F. Van Der Weg, Mater. Res. Soc. Symp. Proc.258, 275 ~1992!.
11G. Myburg and R. Swanepoel, J. Non-Cryst. Solids89, 13 ~1987!.
12J. E. Yehoda, B. Yang, K. Vedam, and R. Messier, J. Vac. Sci. Technol
6, 1631~1988!.
13H. Jia, J. Shinar, Y. Chen, and D. L. Williamson, Mater. Res. Soc. Sym
Proc.258, 281 ~1992!.
14A. H. Mahan, B. P. Nelson, S. Salomon, and R. S. Crandall, Mater. R
Soc. Symp. Proc.219, 673 ~1991!.
15F. Zhu and J. Singh, J. Appl. Phys.73, 4709~1993!.
16T. Drusedau, A. Panckow, W. Herms, H. Sobotta, V. Riede, R. Bottch
and A. Witzmann, J. Non-Cryst. Solids155, 195 ~1993!.4455Mulato, Chambouleyron, and Torriani
bject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
, 22 Aug 2014 14:28:59
